This paper describes the design and manufacture of a set of precision cooled (210 K) narrow-bandpass filters for the infrared imager and sounder on the Indian Space Research Organisation (ISRO) INSAT-3D meteorological satellite. We discuss the basis for the choice of multilayer coating designs and materials for 21 differing filter channels, together with their temperature-dependence, thin film deposition technologies, substrate metrology, and environmental durability performance.
Introduction
The INSAT-3D instrument is an advanced infrared geostationary meteorological satellite [1] being developed by the Indian Space Research Organisation (ISRO) Space Applications Centre (SAC) for high resolution monitoring of temperature and trace chemical species in the atmospheric regions between the troposphere and stratosphere. INSAT-3D is one of three satellites under development by ISRO exclusively to improve domestic weather forecasting and track cyclones and monsoons originating from the Bay of Bengal and Arabian Sea. The instrument comprises a six channel imaging radiometer designed to measure radiant and solar reflected energy from areas sampled on the Earth and a high resolution infrared sounder to measure vertical temperature profiles, humidity, surface and cloud top temperatures, and ozone distribution. It is planned for launch on the GSLV Mk.2 launch vehicle in 2008 for deployment in a 38; 500 km equatorial plane geostationary orbit. This orbit will provide a continuous stationary view over the Indian Ocean for regular observations of cloud patterns and monitoring of the path of tropical cyclone formations to predict the time and place of landfall for disaster warning. The INSAT-3D sounder instrument measures radiation using 19 precision narrow-bandpass interference filters to isolate and discriminate between spectral bands. The filters reported here are particularly notable for their demanding combination of large-shaped coating aperture, tolerance of coating uniformity, and positional accuracy of spectral placement. The filters project, led by the University of Reading together with NDC Infrared Engineering Ltd., has been responsible for the design and manufacture of the narrow-bandpass filters defining the spectral band definition of the instrument. The payload instruments are required to operate for a lifetime of 7 years after launch.
Instrument Design

A. Imager
The INSAT-3D Imager is a six channel imaging radiometer consisting of one visible and five infrared channels. The two imager interference filters reported here (IIF1 and IIF2) occupy a visible wavelength at 0:65 μm with a full width half maximum (FWHM) bandwidth of 30.8%, and short wavelength infrared (SWIR) at 1:625 μm (9.2% FWHM). The spectral channels of the two filters operate in a temperature range of 15-35°C. The imager instrument comprises a scan mirror, a Cassegrain telescope with a 310 mm diameter primary mirror that concentrates radiation onto a 50 mm diameter secondary mirror, dichroic beam splitters, focusing optics and filters. The visible and SWIR detectors comprise 16 square-element photodiode arrays of silicon (Si) and indium gallium arsenide (InGaAs), respectively, at a controlled temperature of 15 AE 10°C.
B. Sounder
The INSAT-3D Sounder, shown by the optical schematic in Fig. 1 , is a 19-channel radiometer that will measure the atmospheric vertical temperature and moisture profiles together with surface and cloud top temperatures, and ozone distribution. Precision narrow-bandpass filters, between 1% and 6% full width half max (FWHM), isolate the selected spectral bands over three infrared regions; seven long-wave (LWIR 12-15 μm), five midwave (MWIR 6:5-11 μm) and six short-wave (SWIR 3:7-4:6 μm), a further visible narrowband filter for observations of daytime clouds is also included at a wavelength of 0:695 μm (7.2% FWHM). The three sets of filters are constructed on segmented ring shaped substrates and positioned at three concentric radii on a rotating filter wheel assembly, shown in Fig. 2 , to be synchronized with the motion of the instrument scan mirror. At a particular mirror position, the filter wheel rotates to sequentially illuminate all 18 of the bandpass filters in the optical paths of the three infrared bands. The arc lengths and interfilter gaps of the filter positioning are optimized to achieve maximum spatial performance with the size of the wheel. The total time for one filter wheel revolution is 100 ms (600 rpm), during which time it is possible to perform up to four measurements before the scan mirror steps to the next position. The complete filter wheel assembly and its associated cooler are designed to operate at a temperature of 210 K with AE10 K stability in an incident illuminated cone angle that approximates to a collimated f =10 parallel beam. The warmer (15°C) visible filter is sampled independently of the position of the filter wheel.
Radiation through the 19 sounder channels is acquired from four distinct detector head assemblies. The Si detector array for the visible channel is similar to the imager except comprises a larger element size, and each of the infrared channel arrays contain four detectors compared to eight in the imager. The LWIR and MWIR channels use cooled HgCdTe detectors operating in a photoconductive mode. The SWIR channels used cooled InSb detectors operating in photovoltaic mode. These detectors are optimized using selected stoichiometric composition for maximum detectivity at the appropriate measurement wavelengths and mounted in a passive cooler for operating below 95 K, with stability better than AE0:25 K. Thermal control of the spacecraft is crucial to maintain the operating temperature of the detectors below 95 K. This is achieved by design of passive coolers and heaters to suppress any additional heat load that may originate in the cooler field of view. The spectral banddefinition channels for the filters described in this paper are shown in Table 1 . Six deliverable flightquality filters were required to be manufactured for each channel. The spectral channels that were selected for the INSAT-3D Imager and Sounder contain similar wavebands to infrared channels currently deployed on the NOAA GOES geostationary satellite [2] .
Substrates
As one of the key priorities of the instrument was to achieve a high quality of image, the metrology and surface quality of the filters required substrate and coatings to be precisely specified. Flatness and parallelism values required surfaces within one fringe over the full surface for both sides measured in 632:8 nm light and maximum wedge angles of <20 arcsec.
The substrates of monocrystalline optical grade (5-40 Ωcm) germanium for the SWIR, MWIR, and LWIR channels of the sounder possess transparency between 3 μm and 15 μm [3] . The material was sourced as rectangular pieces of f111g orientation. The linear and angular and radius tolerances of the final shapes necessitated the use of custom designed mechanical jigs. These took the form of circular wheels with recessed positions, one wheel for each of the three sizes; SWIR, MWIR, and LWIR, such that the outer and inner radii of each size could be machined in consecutive operations. Once finalized, the tooling defined completely the substrate shape. A machine shop lathe was temporarily adapted by replacing the tool post with an independently driven diamond impregnated grinding wheel; the viability of the design was proven by machining a test batch of glass pieces of each design, which were subsequently available for use as proof pieces for the coating jigs. Chipping of the brittle germanium edges during machining was high risk and minimized by careful control of cutting speeds and coolant.
The specified parallelism of the faces (<20 arcsec) defined double-sided polishing [4] as the only practical method available for the relatively large number of pieces required. The polishing machines used for this produced the required half-wave flatness measured at 633 nm with their normal speed ratio settings. Because of the rectangular arc shape of the pieces, irregularity was sometimes difficult to control, although this parameter was not separately specified and was simply kept within the flatness specification. The surface roughness was measured on a Talysurf CCI6000 Optical Profiling System and the specified requirement of <2 nm rms was routinely exceeded. Quality assurance measurements to verify compliance of parallelism and flatness were performed by an autocollimator of a Trioptics PrismMaster, and a Fisba Optik interferometer.
The dimensional metrology and surface flatness properties of the germanium substrates in Tables 2  and 3 show the compliance achieved for center thickness, parallelism, and optical flatness. Generally, to achieve the simultaneous compliance of these three parameters together makes considerable demands on the fabrication of substrates by conventional optical workshop techniques. On this occasion compliance was achieved by use of double-sided polishing methods, from which interpretation of the average standard deviation (σ) on the dimensional metrology measurements in Table 2 indicate that less than 5% (≡2σ) of the statistical normal distribution possessed deviations greater than approximately 15% of the tolerance available. As a result of the high value substrates with limited, or often no opportunity for optical reworking demanded, meticulous attention was devoted to the setup configuration and operating parameters of the deposition plants [5] together with The bandpass filters for the visible IIF1 (0:65 μm) and SWIR IIF2 (1:625 μm) channels of the imager, and visible SIF1 (0:695 μm) channel of the sounder were deposited on 15:0 mm∅ × 6:0 mm circular Schott glass substrates. The imager IIF1 filter comprised a titania (TiO 2 ) / silicon dioxide (SiO 2 ) high-pass / low-pass multilayer, deposited by plasmaassisted electron-beam evaporation on Schott-GG495 yellow color glass. This glass has a colloidal short wavelength absorption edge with increasing opacity from ≤540 nm, to provide continuous short wavelength blocking. The IIF2 filter, deposited on clear Schott-BK7 glass, comprised a silicon (Si) / silicon nitride (Si 3 N 4 ) / silicon dioxide (SiO 2 ) triple half-wave (THW) bandpass filter to isolate the desired passband, and a combined high-pass / low-pass blocking filter to provide out-of-band rejection. The SIF1 visible filter in the sounder instrument was deposited on red Schott-RG630 glass, possessing a colloidal absorption edge at ≤660 nm, and comprised a narrow Si 3 N 4 =SiO 2 THW bandpass filter deposited by pulsed-DC sputtering on one surface and TiO 2 = SiO 2 blocker by plasma-assisted electron-beam deposition, as described below. These filters were designed to operate at a temperature range between 15-35°C. The substrate flatness achieved from the transmitted and reflected wave front error measurements are shown in Tables 4 and 5 .
Spectral Requirements
The spectral design of the imager and sounder instruments placed the following specification [6] requirements for the passband and blocking designs of the filters; center wavelength placement accuracy demanded that within the operating temperature range, the Δλ 0 =λ 0 tolerance typically needed a placement accuracy within ∼0:1-0:3%, depending upon the bandwidth of the filter. This precision placed considerable demands in achieving repeatable compliance upon realization of many of the SWIR, MWIR, and LWIR bandpass structures. These originated from small irreproducible variations within the parameter controls of the deposition process and subtle deviations of material properties during film growth, depending on the repeatable deposition environment. Further tolerance margins of center wavelength placement was occupied by uniformity of coating thickness across the aperture arc length, from which distributions typically ranged up to 20% of the available tolerance for the MWIR filters. However, by comparison, as the LWIR filters possessed an arc length approximately twice this distance and typically double the thickness, variations of uniformity occupied the full center wavelength tolerance margin available. These tolerances inevitably required many repeat depositions of the LWIR bandpass structure to acquire close compliance from a wide distribution. In order to ensure that an acceptable spectral energy grasp of the filters was preserved upon realization, the bandpass shape needed to be as rectangular as possible, consistent with the practical constraints of multilayer design margins. This was specified as the spectral interval between bandpass points at incrementing transmittance decades to which a bandwidth multiplying factor was applied.
All of the infrared filters from SWIR to LWIR cover a large spectral range from ∼3:0-15 μm make use of substrate as well as the coating materials which have good transmission in the entire spectral range of interest. The detectors used in all the three channels also have measurable responsivity from ∼2:0-5:5 μm in InSb (SWIR) and from <2 μm-higher cut-off decided by the MCT composition (MWIR and LWIR). This imposed very stringent blocking requirements, which in turn reduce the overall transmission of the filters. To reduce the blocking requirement and thus improve the average transmission in the required narrow bands, the exit and entrance windows of the filter wheel assembly were suitably coated with wide passband filters to restrict the blocking requirement to 3:0-5:5 μm for SWIR, 6-12 μm for MWIR, and 11-15:5 μm for LWIR channels. Figure 3 shows the spectral performance of the three SWIR, MWIR, and LWIR channels without the filter in the respective channels. Interference blocking subsequently required rejection levels of <10 −4 to overlap with the folded spectral response and detector limit described by the optical train.
Deposition Technologies
A. Visible Filters
Deposition of the imager and sounder visible filter (IIF1 and SIF1) multilayers, containing titanium dioxide (TiO 2 ) and silicon dioxide (SiO 2 ) materials to provide continuous spectral blocking, were performed by the University of Paisley using a SatisVacuum MC380 box coater containing a high energy plasma source to assist with electron-beam deposition. This equipment contains a patented plasma deposition source (PDS) with the capability to modify the growing thin film microstructure to produce dense, near-stoichiometric coatings that are impervious to temperature and humidity variations [7] . Unlike ion-assisted processes, PDS enables film densification at higher deposition rates (0:6−1:0 nm=s) and reduced process temperatures (max 70°C) with coverage over the entire work holder. The primary design feature of this source enables area coverage and uniformity by tuning spatial distribution of ion current density independent of ion energy and plasma neutralization. This advantage, compared to an ion source is that the plasma fills the vacuum 
a S 1 , incident surface; S 2 , rear surface; P-V, peak-valley irregularity (waves); RMS, root mean squared irregularity; (σ), standard deviation. chamber and couples into the evaporant, inducing partial ionization. The refractive indices obtained are close to the bulk material properties. The deposition system is equipped with two electron-beam evaporators, reactive gas inlet mass-flow controllers, a plasma-assistance source for densification of oxide films, a precision quartz oscillator film thickness monitor, and a single-rotation substrate holder. Spectral measurements of the realized filters are shown in Fig. 4 at the operating temperature of 15°C.
B. Short Wavelength Infrared Filters
Narrow-bandpass multilayers deposited for the short-wave infrared (SWIR) filters by NDC Infrared Engineering Ltd., used a Satis-Vacuum SP100 DC sputter coater. Films are deposited with a high deposition rate (0:6-1:0 nm= sec) from which the refractive index is controlled by introduction of reactive or inert gas, as appropriate to the coating design. It is equipped with a high purity 6 00 silicon target, which can be used to deposit films of pure silicon (Si), silicon dioxide (SiO 2 ), and silicon nitride (Si 3 N 4 ) . The stoichiometry and refractive index of each film type is regulated by precision mass-flow control of the selected process gas.
The SWIR substrates were mounted on a vertical 2-axis planetary holder with target/substrate distance of 100 mm that provides high uniformity of coating thickness (<0:3%) over a 100 mm diameter substrate plane. Film thickness is controlled by the timedduration of each layer, and calibrated from test depositions for each film material. This is made possible by the high stability of the pulsed-DC power supplies which deliver a controlled amount of energy in each pulse applied to the target. Each pulse therefore results in a consistent incremental growth in film thickness. By regulating the voltage of the discharge, the films achieve high uniform bulk densities, and are generally found to be stronger and more durable than films deposited by other conventional methods.
Blocking multilayers for the SWIR filters were deposited using electron-beam evaporation in a conventional Balzers BAK760 box coater. This system is equipped with two electron-beam evaporator sources and two stationary thermal sources. Precision quartzcrystal oscillator film thickness monitors control deposition thickness. Substrates are mounted on a single-rotation domed calotte. This evaporator was especially used to deposit layers of germanium (Ge), silicon (Si), and silicon monoxide (SiO).
Narrow-bandpass filters and broadband blocking coatings for the germanium SWIR channels were deposited using various alternate layer combinations of germanium (Ge), silicon (Si), silicon nitride (Si 3 N 4 ) , and silicon monoxide (SiO) deposited by either pulsed-DC sputter, nonreactive electron-beam deposition or thermal evaporation. Bandpass multilayers typically comprised 37 layer triple-half-wave (THW) designs, containing mixed combinations of cavity-layer materials and thickness orders between λ=2 to 3=2 λ to achieve the desired bandwidths. The local side-band rejection and reflector stack indexmatching layers were performed using between 6 to 10 intercavity layers, depending on the design requirement which were antireflected using 3-layer equivalent index Herpin simulations [8] . Blocking multilayers were deposited on the rear surface that comprised a composite of overlapping long-wave pass quarter-wave stacks and contained antireflection layers to index-match between the substrate and air interfaces. Typical layer count of the total blocking filter structures comprised in excess of 40 layers, consisting of principal and subsidiary rejecting stacks.
As a result of the need for mixed materials and differing thickness orders of the cavity layers to achieve the desired FWHM%, the SWIR filters exhibited spectral coefficients of thermal expansion (dλ=dT), some of which were nonlinear because of differing temperature-dependant dispersion (dn=dT) properties between cavities. Temperature coefficients measured on cooling of the SWIR filters are shown in Fig. 5 using a relative wavelength scale, normalized for operating temperature at 210 K (λ T =λ 210 K ). Mean temperature shifts between 15 and 20 nm were observed during cooling from ambient RT to 210 K, depending on multilayer design type. Spectral measurements of the realized SWIR filters are shown in Fig. 6 at the operating temperature of 210 K.
C. Mid and Long-Wavelength Infrared Filters
Coatings deposited for the MWIR and LWIR filter sets was performed by conventional thermal evaporation using a modified Balzers BA510 bell-jar evaporator. This deposition system is especially fitted with tooling for deposition of II-VI and group IV midinfrared materials containing a geometry of rotating evaporation sources and stationary substrates, which has been reported extensively elsewhere [9, 10] . This arrangement is special for the deposition of filters in the midinfrared as the need for accurate temperature control of the substrates is essential to ensure good deposition uniformity, particularly as the sticking coefficient of the materials is temperature-dependant [11] . This deposition arrangement was used for deposition of lead telluride (PbTe), germanium (Ge) and zinc selenide (ZnSe) multilayers, with indices of 5.5-5.7, 4.0, and 2.4, respectively, across this wavelength range at 210 K. To isolate the desired spectral passband of the MWIR and LWIR filters, traditional 3-cavity (triple half-wave) bandpass were designed to comply with the bandwidth requirements. This design approach has been described by Jacobs [12] with the advantage of using quarter-wavelength layers throughout the intercavity reflector stacks.
The number of cavities chosen provided a pragmatic solution between the idealized rectangular spectral response required to maximize energy grasp of the waveband, and the compromise of practical deposition thickness and accuracy control. As the number of cavities increases, the spectral passband of the filter becomes more rectangular with increased sideband rejection depth, however the total number of layers and composite multilayer thickness also increases, impinging on the intrinsic strength and stress limit of the materials. Additionally, the narrower the bandwidth is desired, so it becomes necessary to use higher-order cavity-layer thicknesses (λ or 3=2 λ) and increase in the number of intercavity reflector layers, to which matching of equivalent admittances of the stacks results in further thickness increases. Generally as the bandwidth narrows, transparency losses rise sharply. This is caused by increased roughness of the deposited microstructure and intrinsic layer absorption properties resulting from the increase in multiple internal cavity reflections. There is also increased sensitivity of the passband shape to layer thickness errors. All of these factors conspire to limit the thickness of bandpass filters and the number of cavity and reflector layers that can be used by a conventional multilayer approach. Empirically, at the wavelengths desired for the MWIR and LWIR filters, with the selection of transparent materials and deposition parameters, there is a diminishing advantage in using 4-cavity designs or cavity-layer thicknesses in excess of 3=2 λ, almost certainly as a result of reaching the limiting accuracy of the infrared optical thickness monitoring technique. As a result of this rationale, 3-cavity designs were considered the most suitable approach for the MWIR and LWIR filters.
The choice of cavity type, using high-or low-index layer materials also required consideration of the evolution of the bandpass filter designs. The use of PbTe (H-layer) with ZnSe (L-layer) yields a high effective index (nÃ) of 2.70 in the low-index cavity case, and 3.6 with high-index cavities. In low-index cavity bandpass filters, although there is greater sensitivity to tilt angle (dλ=dθ), they posses smaller temperature coefficients (dλ=dT) than H-cavity designs, hence, the interaction between the large intercavity negative (dn=dT) coefficients of PbTe nearly cancel with positive dn=dT coefficients of the L-index material. In Hcavity filters these coefficients do not cancel and can cause large temperature coefficients of the filter. As the INSAT-3D instrument filters required cooled operation (210 K) at normal incidence and operating in a nominally parallel beam, L-cavity filters were considered the most appropriate design type. Other practical considerations for not choosing high-index PbTe as the cavity material involves a thickness-dependent absorptive loss which becomes increasingly dominant in the thicknesses required for the cavity layers. Further, the thicker long-wavelength (LWIR) filters would need to posses cavity thicknesses that are known to exhibit mechanical failure due to tensile stress-the amount of stress being closely related to thickness.
The out-of-band blocking requirements were achieved using combinations of long-wave and shortwave pass edge filters in conjunction with the local side-band rejection provided by the bandpass structure itself. The bandpass filter and blocking multilayers were deposited separately on opposing surfaces of the same substrate following spectral verification of the bandpass center wavelength compliance. The blocking multilayers contained various overlapping combinations of refined Tschebysheff [13] polynomial designs and quarter-wave stacks with appropriate index-matching layers between stacks and application of broadband antireflection layers. Deposited physical thicknesses of the bandpass coat- ings typically ranged between 13-27 μm for MWIR filters and 25-43 μm for LWIR filters, depending on wavelength. The blocking coatings deposited on the reverse surface ranged between 10-17 μm for MWIR coatings and 13-25 μm for the LWIR coatings. Spectral measurements of the realized MWIR and LWIR filters are shown in Fig. 7 and 8 at the operating temperature of 210 K.
As a result of using high-thickness order cavities, the thermal wavelength shift of the narrower filters exhibited near-temperature invariance. Seeley [14] and Zheng et al. [15] modeled the sensitivity of narrow band filters to temperature changes in their layers from which the cavities and next two adjacent layers are dominant over other intercavity reflector layers from which temperature shift can be predicted. When the negative temperature coefficient (−dn=dT) in PbTe is combined with the positive shift (dn=dT) in Group II-VI low-index dielectric, temperature invariant compensation of L-cavity is possible, the degree of compensation being proportional to the relative cavity thickness order and refractive indices as shown in Fig. 9 .
Spectral Measurements
The spectral measurements for the various filter sets were performed in three differing spectrophotometers; Visible and NIR filters (IIF1, IIF2, and SIF1) used a Perkin-Elmer (PE) Lambda nine dualbeam UV-VIS-NIR (190-3000 nm) spectrometer. This is a standard dispersive grating instrument using tungsten and deuterium source lamps, from which measurements were obtained at 0:5 nm resolution. SWIR measurements were measured by fourier transform infrared (FTIR) spectroscopy using a PE Spectrum GX Optica spectrometer. This instrument is optimized for infrared wavelengths between 2-8 μm with a CaF 2 beam splitter and deuterium doped DTGS midinfrared detector. Measurements were performed at 1 cm −1 resolution using a Graseby Specac cryostat placed in the sample compartment. This cryostat uses liquid nitrogen cooling, rotary vacuum pumping and heated windows to stabilize the cooled measurement temperature at 210 K.
Spectral measurements of the MWIR and LWIR filter sets were performed using a Perkin-Elmer Spectrum 2000 Optica FTIR spectrophotometer. This instrument is the originating model of the GX Optica family. It has a high midinfrared energy grasp between 1.5 and 50 μm using a DTGS detector and cesium iodide (CsI) beam splitter, and, being of the Optica design, has been specially adapted to prevent artifacts from optical train aliasing and stray reflections reaching the detector [16] . Optical setup parameters of the J-and B-stops were configured to produce a nominal beam size of 7:0 mm representative of a uniformly illuminated f =8 cone angle distribution. A Filler [17] apodization function was chosen for attenuation of the interferogram sidelobes. This function is characterized by high accuracy, high convergence, and/or very low ripple of background or sample spectra for regions with either low spectral energy or where the presence of strong abrupt spectral features are present-on this occasion being the sideband transition of narrow-bandpass filters. The attenuation rate of ripple for the filler apodization is 3 , where υ is the distance in cm −1 from the interferogram peak. Cooled temperature measurements on representative 25:0 mm∅ witness filters that originated from the same deposition were mounted in an Air Products Displex DE 202 cryostat fitted with KRS-5 windows in the spectrometer sample compartment. To ensure intimate thermal contact during cooling, the witness filters were clamped to the cryostat cold finger using a copper fixture with Pb annular washers, spring tensioned screws and indium shim. Temperature was measured using a reversebiased diode at the cryohead and thermocouple attached to the mounting fixture. Average passband measurements and distribution of center wavelength placement accuracy for the compliant flight-quality filters is shown in Table 6 .
Environmental Testing
To assess long term environmental performance and spectral aging stability, a verification thermalvacuum screening test was performed on all of the space-flight filters to the requirements of ESA-PSS-01-702. This required the coated optics to be subject to a minimum of 10 cyclic thermal excursions between temperatures of 60°C and −83°C in a vacuum of 10 −5 Torr. Spectral measurements performed at ambient RT before and after testing verified coating stability. This required spectral shifts to comply within 1% transmission and between AE1 nm and AE5 nm center wavelength position, depending on bandwidth. Testing was performed on each space-flight set using a thermal cycling chamber facility in the clean assembly area of the Department of Atmospheric, Oceanic and Planetary Physics, Oxford University. Further environmental testing performed on the filters were conducted to the requirements of the general provisions of military test specification MIL-F-48616. These tests included humidity at 49°C (AE2°C) for 24 h in >95% relative humidity, moderate abrasion testing, and adhesion resilience using 3 M 810 scotch tape (∼0:175 AE 0:025 g=mm 2 pull force). Comparisons of measurements performed before and after testing verified compliance within these requirements.
Surface roughness measurements performed on representative deposited coatings of each filter set were required to comply within a roughness limit no greater than 50 Å rms to minimize Mie scattering losses [18] resulting from either the background surface texture, or from point defects and microspatter within the coatings. This measurement was performed using a Taylor Hobson Talysurf CCI 3000 Å noncontact 3D surface profiler, which can measure microroughness and step heights using coherence correlation interfereometery [19] to a vertical resolution of better than 0:1 Å. Results from these measurements showed typical variations of surface roughness between 41 and 48 Å for the LWIR filters. Higher values of surface roughness were recorded from locations containing either isolated surface defect phenomena or coating inhomogeneities that required omission, these were considered as unrepresentative sampling compared to the background surface texture.
Further assessment of surface quality required scratch and dig measurements to comply before and after coating to better than 60∶40 (E:E) of MIL-F-48616. Interpretation of this quality identifies scratches with widths greater than 60 μm (disregarding scratch widths less than 10 μm) and digs, being considered as point defect seed populations or coating spatter, with diameters greater than 400 μm (disregarding diameters less than 100 μm). Although the majority of coated optics complied within this requirement, the inevitability of high substrate exposure to thick thermally deposited coatings on the LWIR filters resulted in occasional spatter defects present on the bandpass coated surface. This coating structure was of greater susceptibility to the occurrence of surface defects than the blocking coatings due to the high composite physical layer thicknesses (∼35-45 μm) and lengthy exposure times necessary for the high layer thicknesses, particularly during cavity growth (∼8:5 μm) . These high thicknesses increase the probability of spatter originating from the evaporation sources as they become depleted, and eventually shrink to particulate sized material which is ejected from hot spots, while blocking coatings possessing thinner fractional layers and more multilayer interfaces are exposed to shorter exposure times and more periodic protection beneath the substrate shutters. Typically the incidence of surface spatter comprising populations of <4 sites were noted on approximately 20% of flight deliverable LWIR bandpass coatings with dimensions between 400 and 1000 μm. Improvements to obtain full defect-free coatings could possibly be postulated by use of ion-beam assisted deposition techniques [20] [21] [22] to increase the mobility of the vapor and structural morphology of film growth, however this technology was unavailable during this program. Inspection of coated surfaces was performed by scanning the coating through a stereo microscope at 40 × zoom magnification with a reticule template calibrated through a CCD camera and line scan image processing software.
To maintain traceability and identification of individual substrates, engraved substrate marking was performed along the side edge of each arc segment and associated witness filters using a high speed Hereaus Dynamo Plus electric tool fitted with a special 0:5 mm superfine diamond bur. The substrate identification lettering, of 3 mm height, was applied through a thin 100 μm stainless steel precision stencil. This equipment provided a high precision scribing technique with constant high speed (35; 000 rpm) and electronic circuitry to ensure smooth operation regardless of load.
Conclusions
The fabrication of the narrow-bandpass filters required for the INSAT-3D instrument has demanded the development of many innovative and adaptive deposition techniques and procedures, from which the various specification challenges have been achieved. The visible and SWIR filter depositions have shown that optically stable and robust sputtered films can be accurately deposited by automatic process control using a timed-duration thickness monitoring method, with composite multilayer thicknesses not performed previously. The deposited films of the bandpass designs have also shown that high layer thickness control and matching of multiple cavities can be achieved using this nonoptical monitoring procedure, from which compensation of target erosion was accommodated. The MWIR and LWIR filters have shown that accurate thickness deposition of the temperaturedependant dielectric films has been achieved with good center wavelength placement and coating uniformity across a wide aperture. Further refinements of the optical monitoring techniques to provide improved accurate thickness control of thick multilayer bandpass structures has developed as a result of this program. The filters are complete and in preparation for integration and launch.
